Aside from Myc-activating translocations characteristic of plasmacytomas (PCT), little is known about genetic factors and signaling pathways responsible for the development of spontaneous B-cell lineage lymphomas of mice. Here, we characterized the transcriptional profiles of PCT, centroblastic diffuse large B-cell lymphomas (CBL), and high-grade splenic marginal zone B-cell lymphoma (MZL++) using highthroughput quantitative reverse transcription-PCR. Expression profiles of CBL and MZL++ were strikingly similar and quite unlike that of PCT. Among the genes expressed at significantly higher levels by PCT were a number involved in NOTCH signaling, a finding supported by gene set enrichment analyses of microarray data. To investigate the importance of this pathway, NOTCH signaling was blocked in PCT cell lines by treatment with a ;-secretase inhibitor (GSI) or transduction of a dominant-negative mutant of MAML1. These treatments resulted in reduced expression of NOTCH transcriptional targets in association with impaired proliferation and increased apoptosis. GSI treatment of transformed plasma cells in a primary PCT also induced apoptosis. These results integrate NOTCH activation with oncogenic signaling pathways downstream of translocated Myc in the pathogenesis of mouse PCT, two signaling pathways also implicated in development of human multiple myeloma and T-cell lymphoblastic lymphoma. [Cancer Res 2008;68(22):9202-11] 
Introduction
A spectrum of mature B-cell lineage lymphomas of different histologic types develops spontaneously in various strains of mice, including NFS.V + congenic mice, which express ecotropic murine leukemia viruses (MuLV) at high levels (1) . Many of these tumors have phenotypic similarities to subsets of human B-cell lymphomas (2) , and a range of attendant studies has generated fundamental insights into related human diseases. Nonetheless, certain aspects of the mechanisms involved in the transformation of human and mouse lymphomas seem to be quite distinct. A hallmark feature of mature B-cell tumors in humans is the occurrence of balanced chromosomal translocations, most often involving immunoglobulin (Ig) genes and a wide range of partner genes. Some of these translocations are associated with specific subtypes of lymphomas, such as Ig/MYC translocations in Burkitt's lymphoma, Ig/BCL6 translocations in diffuse large B-cell lymphoma (DLBCL), and Ig/BCL10 or API2/MALT1 translocations in marginal zone lymphomas (MZL) of mucosa-associated lymphoid tissue (3) . In most instances, expression of the partner genes is transcriptionally dysregulated with expression being directed by Ig gene or other regulatory sequences in the place of cognate elements. The consequences of altered expression of these proto-oncogenes can often be deduced from their normal biological functions.
Ig/oncogene translocations also occur in mice. However, they are regularly associated with a specific tumor type only for plasmacytomas (PCT), a neoplasm that features Ig/Myc translocations in over 95% of cases (4) . Ig/BCL6 translocations have been described but are the exception rather than the rule in mouse DLBCL (5) . Instead, the mode of oncogene activation in many spontaneous mouse B-cell tumors can often be ascribed to proviral insertional mutagenesis with proto-oncogenes being brought under the control of regulatory sequences in the MuLV long terminal repeats. Candidate cancer genes can be identified by cloning and sequencing proviral-host junction fragments (6) . The advent of rapid PCR cloning methods and the availability of the entire mouse genome sequence have given this approach new life. However, this approach has been applied in only a few instances to specific lymphoma subsets (7) and its use is obviously dependent on tumors in mice that express ecotropic MuLV at high levels, either from endogenous loci or following inoculation.
Although it was anticipated that cDNA or oligonucleotide microarray-based transcriptional profiling would permit the association of aberrant oncogene expression with distinct lymphoma classes of humans and mice, the technique has proven to be much more useful in defining clinically distinct subsets of lymphomas belonging to single histologic classes (5, 8, 9) .
As an alternative approach to addressing these issues in mouse lymphomagenesis, we have used a high-throughput quantitative real-time reverse transcription-PCR (qPCR) approach to simultaneously examine the expression of 384 genes selected because of their involvement in the pathogenesis of hematopoietic neoplasms or in signaling pathways governing the growth, survival, and differentiation of normal cells. We have applied this approach to studies of three histologically defined classes of mouse B-cell lineage tumors: splenic MZL, DLBCLs of centroblastic type (CBL), and PCT from interleukin-6 (IL-6) transgenic mice (10) . These classes were chosen to sample lymphomas derived from different lineages of mature B cells (marginal zone versus follicular B cells) and dissimilar states of differentiation (germinal center centroblasts versus terminally differentiated plasma cells). The results of the study showed that patterns of gene expression for MZL++ and CBL were remarkably similar, in keeping with their cytologic similarities, and readily distinguishable from the transcriptional profile of PCT. Several genes that served to distinguish PCT from MZL++ and CBL were elements of the NOTCH signaling pathway. Studies on NOTCH activity in PCT cell lines showed that it was involved in regulating proliferation and promoting survival. These results suggest that in mouse PCT, NOTCH and MYC govern two overlapping transcriptional programs that promote plasma cell growth and transformation.
Materials and Methods
Mice, splenic B cells, plasma cells, and PCT cell lines. NFS.V + mice that develop a range of B-cell lymphomas (1) and BALB/c-IL-6 transgenic mice that develop PCT in lymph nodes and spleen (10) were described previously. Controls included young BALB/cPt and NFS.V + mice without tumors. All animal studies were performed in accordance with approved animal protocols of the National Institute of Allergy and Infectious Diseases (NIAID) and the National Cancer Institute (NCI), NIH. At necropsy, portions of spleens and lymph nodes of mice with enlarged spleens and nodes were fixed in formaldehyde for histologic studies or snap frozen for later preparation of RNA. Histologic diagnoses based on studies of sections stained with H&E were made according to the Bethesda classification of mouse lymphoid neoplasms (2) by a pathologist (Dr. Torgny N. Fredrickson) who contributed to the classification. Pooled spleen cells from three to four IL-6 transgenic mice were processed with antibody-coated magneticactivated Dynal beads (Invitrogen) to negatively enrich B cells. The enriched cells were stained with antibodies to B220 and CD138 and then sorted using a fluorescence-activated cell sorting (FACS) Aria-Green cell sorter (Becton Dickinson) to generate highly enriched (>90%) populations of normal B cells and plasma cells, respectively. PCT cell lines were generously provided by Dr. Michael Potter (NCI, NIH).
Preparation of RNA and cDNA. RNA was prepared from frozen tumor tissues, normal B cells and plasma cells, or cell lines using the RNeasy Mini kit (Qiagen), and the quality of the RNA was examined by Bioanalyzer (Agilent). cDNA was synthesized according to the manufacturer's protocol (MessageSensor RT kit, Ambion).
Fabrication of real-time qPCR array and data analysis. Three hundred eighty-four primer pairs for cancer-related genes were selected using the Primer3 program and in some cases by manual design. Each primer was searched against Genbank via the National Center for Biotechnology Information BLAST to insure target specificity to each target gene. The primer pairs were then dried in the wells of 384-well plates. A list of the genes is given in Supplementary Table S1. cDNA and SYBR Green RT-PCR mastermix (Applied Biosystems) were added to the cells using a RoboGo (Aviso) and reactions were run using an ABI Prism 7900HT (Applied Biosystems). Differentially expressed genes were identified using a global pattern recognition (GPR) algorithm, including global normalization that compares the C t in each gene with the C t of every other gene and a two-tailed unpaired t test that compares C t s from the control and experimental group (11) . Subsequently, hierarchical clustering and functional grouping with Fisher's exact test were conducted. ANOVA test was also performed to find significant genes among the three B-cell lymphoma classes and the results were shown in k-means clustering (k = 10).
Oligomicroarrays. Microarray chips printed by the NIAID Microarray Research Facility comprised f18,000 genes represented by 70-mer oligonucleotides. Sample preparation and hybridization were as described (12) . After the raw data were normalized with lowess smoothing function, the significant genes were identified with significance analysis of microarrays (13) and gene set enrichment analysis (GSEA) was performed (14) .
Treatments with ;-secretase inhibitors. Four PCT cell lines (ABPC8298, SIPC8523, SIPC8195, and TEPC2372) and three Abelsontransformed early B-cell lines [RagÀ/À (obtained from Dr. Jessica Jones, Georgetown University), 18-81, and 220-8 (obtained from Dr. Fred Alt, Harvard Medical School)] were treated with medium containing either the g-secretase inhibitor (GSI) GSI-XII (Calbiochem) dissolved in DMSO or DMSO alone for 36 h. Primary PCTs were cultured in medium with DMSO or GSI for 24 h.
Transfection of dominant-negative MAML1. Cultured PCT cell lines were infected with supernatants of Pheonix-Eco cells that had been transfected with the dominant-negative MAML1 (DNMAML1)-EGFP fusion construct in a murine stem cell virus-based retroviral vector or a construct expressing EGFP alone (15) . The vectors were generously provided by Dr. Warren Pear (University of Pennsylvania). Cells expressing EGFP were purified by FACS sorting.
Cell proliferation, bromodeoxyuridine incorporation, and apoptosis assays. Cell proliferation assays were carried out using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Roche) or the CellTiter-Glo assay (Promega). For bromodeoxyuridine (BrdUrd) incorporation assays, cells were pulsed with 10 Amol/L BrdUrd for 30 min and then fixed, permeabilized, stained with allophycocyanin (APC)-labeled anti-BrdUrd antibody (Becton Dickinson), and analyzed by FACS. Apoptosis assay were performed by FACS analysis of cells stained with APCconjugated Annexin V and 7-amino-actinomycin D (7-AAD; Becton Dickinson). Caspase-3 activity in cell lysates was analyzed using a colorimetric Caspase-3 Assay kit according to the manufacturer's instruction (Sigma-Aldrich).
Western blotting. Western blotting was performed as described previously (12) 
Results
Comparisons of gene expression profiles of MZL++, CBL, and PCT using qPCR arrays. A qPCR array platform composed of 384 cancer-related genes (Supplementary Table S1 ) was used to examine the features of three histologically defined classes of primary mouse B-cell neoplasms: CBL, MZL++, and PCT. For splenic MZL, we selected high-grade cases from NFS.V + mice classified as MZL++ (16) . MZL initially seem as low-grade tumors with the cytology of normal marginal zone B cells and exhibit little if any mitotic or apoptotic activity. Over time, the tumor cells have been shown to increase not only in number but also in grade, with cells from high-grade MZL++ cases having cytologic features indistinguishable from those of CBL but also in association with frequent mitotic and apoptotic figures (16) . Splenic CBL were also from NFS.V + mice, whereas PCT were from BALB/c-IL-6 transgenic mice (10) . Although it would have been ideal to have a single strain as the source of all three tumor types, NFS.V + mice rarely develop PCT and high-grade MZL are seen very rarely in strains other than the NFS congenics (2, 17) . PCT are very uncommon in NFS.V + mice (1, 5) , and BALB/c-IL-6 transgenic mice do not develop MZL or CBL.
Tests of RNA prepared from spleens of five tumor-bearing mice of each histologic class were compared with analyses of RNA prepared from spleens of five normal NFS.V + or BALB/c mice. We then used the GPR algorithm to identify genes that significantly distinguished each lymphoma type from the expression pattern of normal spleens. Hierarchical clustering of the 174 genes found to be differentially expressed by at least one class of lymphoma and the 15 individual cases is shown in Fig. 1 . The clustering identified sets of genes with closely related expression patterns that are preferentially expressed in normal B cells (subsets designated B) or in normal plasma cells (subsets PC). As would be expected, B-cell-related genes, including Bcl3, Id3, Socs1, Il21, Blk, Ccr2, Cd38, Cd40, Cd80, Cd83, Cd86, and Sfpi1, were expressed at increased and comparable levels by MZL++ and CBL. Likewise, the plasma cell-related genes, including secreted IgG1, BCMA, Bmi1, Xbp1, Irf4, Pou2af1, and Il6st, exhibited heightened expression in the PCT.
A dendrogram showed the segregation of PCT cases on one branch with CBL and MZL++ on another but with the MZL++ and CBL cases intermingled (Fig. 1 ). This intermingling of MZL++ and CBL cases was quite unexpected because the B cells of origin (marginal zone and follicular, respectively) are anatomically, phenotypically, and functionally quite distinct. This suggests that the transition of MZL from low-grade to a high-grade disease featuring cells with the cytology of centroblasts is associated with the acquisition of a transcriptional program remarkably similar to that of CBL.
Identification of NOTCH pathway activation in PCT. ANOVA analyses, performed as another statistical approach to identifying genes from the qPCR data set that distinguish one lymphoma class from the others, revealed 196 genes that were differentially expressed among the three classes (P < 0.05; Supplementary  Table S2 ). Subsequently, k-means clustering was applied to the set of genes that showed significant group differences (k = 10; Fig. 2A ). The second and tenth clusters, for which expression was similar for CBL and MZL++ but increased in PCT ( Fig. 2A) , comprised a series of genes known to be activated by translocation or other mechanisms in human multiple myeloma (MM), a plasma cell neoplasm with some similarities to PCT (5, 18, 19) . These included Bmi1, Myc, Pou2af1, Ccnd2, Akt1, and Pik3gc (20) (21) (22) . These two clusters also included genes involved in normal plasma cell proliferation and/or differentiation, such as Tnfsf13b, Prdm1, Irf4, and Xbp1. In contrast, genes in the ninth cluster, which were prominently down-regulated in PCT, predictably included several involved in normal B-cell differentiation and function, such as Pax5 and Irf8 (Supplementary Table S2 ; refs. 15, 23) .
Interestingly, a series of genes involved in the NOTCH signaling pathway, Ncstn, Dtx2, Rfng, Mib1, Psen2, Hes3, and Dll3, were enriched in the clusters in which gene expression was substantially increased in PCT (Fig. 2A) . This observation was reinforced by the results of a functional categorization of differentially expressed genes based on Gene Ontology (Fig. 2B) , which showed that genes involved in cell cycle regulation and NOTCH signaling were modulated more than those in other biological processes. In addition, GSEA of oligomicroarray data from the same tumors confirmed that components of the NOTCH signaling pathway were significantly enriched in PCT (Fig. 2C) .
Comparative expression of NOTCH signaling components in normal plasma cells and PCT. The recent observation that NOTCH signaling is involved in the later stages of B-cell maturation (24) raised the possibility that some of the NOTCH pathway molecules seen to be up-regulated in PCT might simply be reflective of the fully differentiated status of normal plasma cells. To examine this possibility, we used data from qPCR arrays to evaluate differences in gene expression among normal spleen cells, Figure 2 . Identification of NOTCH signaling as a significant pathway in PCT. A, k -means clustering for the significant genes revealed by qPCR that distinguish CBL, MZL++, and PCT. ANOVA analysis identified the genes with significant group differences (P < 0.05), which were clustered by k -means algorithm (k = 10). The pink line in each cluster connects the median values for each lymphoma type and the gray lines connect the value for each gene. Expression patterns for the genes comprising clusters 2 and 10 are shown. The ratios of relative gene expression are depicted as in Fig. 1 . *, a NOTCH signaling pathway gene. B, functional categorization by Gene Ontology of genes differentially expressed by PCT. The number of genes in each of the six categories for which expression was unchanged is represented by the white portion of each bar, whereas the black portion depicts the number of genes that were significantly changed in expression. Bottom, breakdown of signaling genes involved in Notch, Wnt, and G protein signaling. The odds ratios (OR ) for each class with a significant P value are shown. C, GSEA of oligonucleotide microarray data generated from the same PCT cases as used for qPCR arrays identified genes involved in Notch signaling as enriched among the set of differentially expressed genes in PCT.
purified normal splenic B cells from BALB/c-IL-6 transgenic mice, purified premalignant plasma cells from BALB/c-IL-6 transgenic mice, and the PCT described previously. In Fig. 3 , the relative expression of genes by normal plasma cells compared with normal B cells is plotted on the X axis and the relative expression of genes by PCT compared with normal spleen cells is plotted on the Y axis. Genes represented by points that fall on the diagonal from upper right to lower left are expressed at similar levels by normal plasma cells and PCT and are thus indicative of a state of differentiation rather than features of the transformed state. Points that lie on the vertical line, except those at the ''0,0'' intersection, represent genes that distinguish PCT from normal plasma cells but are uninformative for distinguishing normal plasma cells from normal B cells. Consequently, these genes are PCT specific. Points on the horizontal line are associated with genes that tend to distinguish normal plasma cells from normal B cells but do not distinguish PCT from normal plasma cells. Finally, points that fall into the upper left and lower right quadrants can also be viewed as PCT specific and thus potentially contributory to PCT development.
By this reasoning, expression of 10 of the 26 genes recognized as components of the NOTCH signaling pathway and shown in blue is reflective of their expression in normal plasma cells and probable roles in late B-cell differentiation (24) . Seven others, shown in red, are candidate contributors to PCT induction, progression, or maintenance. Five of these seven are direct transcriptional targets of NOTCH: Xrcc5 (Gpp21), Hes7, Myc, Cdkn2c (p18), and Cdkn1b (p27). Importantly, both p18 and p27 are negatively regulated by NOTCH (25) . In addition, Hes3 is rapidly activated by NOTCH via a recently described pathway involving serial signaling through phosphatidylinositol 3-kinase/AKT, mammalian target of rapamycin, and signal transducer and activator of transcription 3 (26) . In addition, transcription of Gata1 is suppressed by HES1, a direct target of NOTCH (27) . Recent studies of human T-cell lymphomas showed that NOTCH is a direct transcriptional activator of MYC and that together they form a ''feed-forward transcriptional loop'' that promotes leukemia development (25) . It is therefore of interest that six additional genes, Cdk4, Cdc20, Gapd, Set, Jak1, and Jak2, are direct transcriptional targets of MYC (28, 29) . This suggests that a similar loop involving NOTCH and MYC could contribute to the development of PCT.
Effects of NOTCH signaling on proliferation and cell survival in PCT cell lines. NOTCH signaling is activated by binding of ligands to NOTCH receptors (NOTCH1-NOTCH4) and followed by two sequential cleavages of the receptors by the enzymes metalloproteinase and g-secretase. The cleavages release intracellular NOTCH (ICN), which translocates to nucleus where it interacts with the transcription factor, CSL, and transcriptional coactivators, including MAML proteins (MAML1-MAML3). To determine if NOTCH signaling was of biological importance to PCT, we blocked the signaling at two different stages of this cascade: cleavage of NOTCH by g-secretase at the cell membrane and interaction of ICN with MAML in the nucleus.
To block the cleavage of NOTCH, we used the GSI, GSI-XII (30), to treat four PCT cell lines in vitro. To evaluate the effectiveness of GSI treatment on NOTCH inhibition, we quantified expression of the NOTCH-specific targets genes, Dtx1 and Hey, by qPCR. The transcript levels or both genes were reduced by treatment with the GSI in a dose-dependent manner (Fig. 4A) . We next investigated if inhibition of NOTCH signaling by GSI might affect proliferation of the PCT cell lines using three pro-B-cell lines as controls. GSI treatment remarkably inhibited growth of the PCT cell lines at concentrations that had much less effect on the early B-cell lines (Fig. 4B) . To determine whether this growth inhibition was caused by apoptosis and/or cell cycle inhibition, the PCT cell lines were labeled with BrdUrd and 7-AAD and analyzed for incorporation of BrdUrd and DNA content by flow cytometry (Fig. 4C) . These studies showed that the proportions of apoptotic cells (labeled AP) were correlated directly with increasing concentrations of GSI, whereas the proportions of S-phase cells (labeled S) were correlated inversely. Thus, GSI treatment inhibited cell proliferation in PCT cell lines by induction of apoptosis and suppression of cell cycle progression. To investigate whether primary PCT would show dependence on Notch signaling for growth, GSI treatment was carried out using ascites cells from pristine-induced PCT mice, which include primary PCT along with lymphocytes and inflammatory cells. After 24 hours of GSI treatment, the cells were harvested and examined by flow cytomery for Annexin V and 7-AAD to determine the extent of apoptosis in both PCT cell (CD138 + ) and non-PCT cell (CD138 À ) subsets. About 25% of CD138 + cells cultured in DMSO were apoptotic, whereas the frequencies in cultures with two different concentration of GSI-XII were increased to 45% and 56%. Only less than 1% of the CD138 À cells were apoptotic ( Supplementary Fig. S1 ). This result indicates that the proportion of apoptotic population in cultured PCT cells is significantly increased with GSI treatment. Although GSI-XII is quite specific for g-secretase, it still has activity against targets other than NOTCH, such as h-amyloid precursor protein (31) . This prompted us to take an alternative approach to assessing the contributions of NOTCH signaling to PCT growth and survival. To do this, we took advantage of the fact that transcriptional activation by NOTCH is dependent on its association with members of the MAML family of coactivators through their NH 2 -terminal sequences. Previous studies of a human MAML1 mutant containing only the ICN binding domain, termed DNMAML1, showed that it functioned as a potent dominantnegative inhibitor of signaling by each of the NOTCH receptors in mouse cells (15) . We therefore infected PCT cell lines with retroviral vectors expressing DNMAML1 and EGFP or EGFP alone. RT-PCR showed that human DNMAML1 was expressed in PCT cell lines (Fig. 5A, left) and was associated with reduced expression of the NOTCH target genes Dtx1, Hey1, Dll3, and Myc. Quantitative analyses showed that expression of each of these targets was reduced by 50% to >95% in cells expressing DNMAML1.
Previous studies of human T-cell acute lymphoblastic leukemias (T-ALL) showed that deregulated expression of NOTCH1 is responsible for activating transcriptional programs that promote the growth of leukemic cells (25) . To reassess the importance of NOTCH signaling to growth of the PCT cell line, clones expressing DNMAML1 and EGFP or EGFP alone were cultured and viable cell numbers were determined at 12-hour intervals (Fig. 5B, left) . These results showed that cell expansion was greatly reduced in cultures expressing DNMAML1. To determine if this phenotype could be ascribed to altered proliferation, we first tested cells for uptake of BrdUrd into DNA, which occurs during S phase, providing an Research.
on January 15, 2018. © 2008 American Association for Cancer cancerres.aacrjournals.org Downloaded from estimate of cell growth fraction. In cells, expressing DNMAML1, the frequency of BrdUrd + cells was significantly reduced (Fig. 5B,  middle) . To examine molecular mechanisms that might affect cell cycle regulation and proliferation, we performed Western blot analyses of CDK4, CDK6, and pRb expression in cells expressing DNMAML1 or EGFP only (Fig. 5B, right) . Whereas the levels of both kinases were somewhat reduced in DNMAML1-expressing cell, levels of pRb were markedly lower. This indicated that the reduced expansion of DNMAML1 + cells was due, at least in part, to altered G 1 -S progression.
We also evaluated the possible contributions of enhanced cell death to the slower expansion of DNMAML1-expressing cells. Flow cytometric studies showed that the proportions of cells binding Annexin V were significantly increased in cells expressing DNMAML1 (Fig. 5C, left) . A representative flow cytometry analysis of EGFP only and DNMAML1 cells stained with Annexin V and 7-AAD is shown in Supplementary Fig. S2 . In addition, DNMAML1-positive cells were found to have increased levels of caspase-3 activity that was blocked by a specific inhibitor (Fig. 5C, middle) . Finally, Western blot analyses showed that levels of caspase-8 and cleaved caspase-3 were significantly increased in cells expressing DNMAML1 (Fig. 5C, right) . These results indicated that NOTCH signaling in the PCT cell line promoted survival as well as proliferation. 
Discussion
It is well established that NOTCH signaling pathways can promote or inhibit the differentiation of lymphoid progenitors and their progeny in a lineage-dependent manner (32) . Heightened expression of NOTCH1 in hematopoietic progenitors, for example, promotes T-cell differentiation while inhibiting B-cell development (33) . In addition, DLL1, NOTCH2, CSL, and MAML1 are required for the development of marginal zone but not of follicular B cells (34) (35) (36) and activated NOTCH2 promotes the development of B1 B cells (37) . Finally, DLL1-NOTCH1 interactions were shown to promote the terminal differentiation of mature B cells to antibody-secreting plasma cells (24) .
Importantly, aberrant expression of various NOTCH signaling molecules has also been tied to several human and mouse lymphoid malignancies. The most clearly defined role for NOTCH as an oncogene is in human T-ALL in which NOTCH1 is activated by chromosomal translocations or, more frequently, by mutations that cause either ligand-independent activation of the receptor or increased stability. Notch1 is also a frequent target of retroviral integrations in mouse B-cell lymphomas (38) .
Studies of possible contributions of disordered NOTCH signaling to the pathogenesis of human MM are of particular relevance to the current study of mouse PCT. In this regard, several investigations have shown that JAG1, JAG2, NOTCH1, NOTCH2, NOTCH3, NOTCH4, MIB2, and LFNG are expressed by primary tumor cells of patients with MM and/or MM cell lines and may contribute to disease initiation or progression (39) (40) (41) (42) . It should be noted that other conflicting studies showed that heightened expression of NOTCH induced growth inhibition of several MM cell lines (40, 43) . However, the mechanisms contributing to growth inhibition differ between the reports. In one report (40) , growth inhibition was associated with reduced apoptosis, whereas in the second (43) , growth inhibition was associated with increased apoptosis. In a follow-up study by Nefedova and colleagues (30) , it was shown that inhibition of NOTCH signaling was associated with increased apoptosis, but effect on cell cycle progression was not examined.
In the present study, data from qPCR array analyses of primary mouse B-cell lineage tumors established that several genes involved in NOTCH signaling were expressed at significantly higher levels by PCT than by CBL or MZL++, including Myc, Dll3, Rfng, Ncstn, Psen2, Mib1, and Dtx2. Earlier studies that identified contributions of NOTCH signaling to terminal B-cell differentiation allowed us to predict that some of these differences would be reflective of normal plasma cell differentiation but also to anticipate that others may have contributed to tumor induction, progression, or maintenance. Indeed, direct comparisons of data obtained from studies of normal plasma cells and PCT made it possible to distinguish a ''differentiation'' subset of genes from a candidate ''cancer'' subset.
Direct evidence for the involvement of NOTCH signaling in plasmacytomagenesis came from studies of cultured PCT cell lines treated with a GSI or expressing DNMAML1. Treatment with the GSI inhibited cell expansion by slowing G 1 -S progression and inducing apoptosis. DNMAML1 was previously shown to bind only CSL in the presence of ICN and to interact comparably with ICN1, Figure 6 . Integration of NOTCH and MYC signaling pathways in T-ALL of humans and mice, mouse PCT, and human MM. The results of this study and other analyses have shown that signaling pathways activated by NOTCH and MYC are common to all three types of tumors but that the mechanisms responsible for their activation are different for each. In mouse PCT and human T-ALL, NOTCH and MYC form integrated feed-forward loops that were shown in T-ALL to direct transcriptional programs with extensive overlap of target genes that regulate the growth of tumor cells (26) . PCT differ from T-ALL in that MYC is also activated almost universally by chromosomal translocations. MYC is almost always activated in MM as well and sometimes by chromosomal translocations but also by mechanisms that remain undefined. The mechanisms responsible for NOTCH activation in T-ALL of humans and mice are well defined but are poorly understood in PCT and MM. Regardless of the mechanisms responsible for their activation, the integration of NOTCH and MYC signaling pathways in these tumors may help model the structures of key transcriptional networks in a variety of mouse and human tumors.
ICN2, ICN3, and ICN4 (15) . Consequently, DNMAML1 can be used to screen for the activities of all NOTCH receptors. We showed first that expression of a series of known NOTCH target genes was significantly reduced in cells expressing DNMAML1 and that the extent of reduction was inversely correlated with the levels of DNMAML1 transcripts. We also showed that the growth of cultured PCT cell lines expressing DNMAML1 was greatly reduced and that this was due to NOTCH promotion of cell cycle progression and survival.
Based on combined data from qPCR as well as oligomicroarrays, it seems that the NOTCH signaling pathway is activated in PCT of differing origins: pristane-treated or Abelson MuLV-infected BALB/ c mice or BALB/c-IL-6 transgenic mice. PCT from almost all these mice carry balanced chromosomal translocations that activate Myc (4). Myc is a transcription factor widely recognized as a master regulator of cell growth, proliferation, differentiation, metabolism, and death, which acts by occupying over 4,000 genomic loci (44, 45) . Recent genome-wide studies designed to identify target genes regulated by NOTCH1 in T-ALL cells showed that NOTCH1 is not only a direct activator of biosynthetic pathways controlling cell growth and metabolism but also a direct regulator of MYC (25, 46) . By reverse engineering of regulatory networks from expression profiles, it was found that NOTCH1 and MYC orchestrate two overlapping transcriptional programs with many common targets that synergize to regulate the growth of primary T-ALL cells ( Fig. 6 ; ref. 25) . We suggest that a similar synergy between MYC and NOTCH is also characteristic of mouse PCT, but with Myc being activated by translocations in addition to its role as a downstream target of NOTCH (Fig. 6) . It is noteworthy that the levels of Myc transcripts were significantly reduced in cells expressing DNMAML1. This suggests that NOTCH continues to influence expression from the translocated Myc gene as the other Myc allele is silenced in tumors carrying an Ig/Myc translocation (47) . The mechanisms responsible for NOTCH activation in primary PCT, like those of BALB/c-IL-6 transgenic mice described here, await clarification. Cultured cell lines are unlikely to provide clear insights into these issues as they have had to adapt to growth in vitro in the absence of stromal elements and soluble mediators known to influence the growth and survival of human MM and mouse PCT.
Recent studies have drawn renewed attention to several similarities between mouse PCT and human MM (5, 18, 19, 48) . These parallels have been extended by the demonstrations that NOTCH receptors and ligands can be identified in almost all MM cell lines and cells from primary cases (39, 40, 49) and that MYC is activated by translocation, amplification, or other mechanisms in nearly all MM cell lines and in cells from more than half of primary cases. Although Myc-activating translocations are considered to be early and perhaps initiating events in PCT, they are thought to occur during the later stages of MM progression (50) . Nonetheless, the understanding that the NOTCH and MYC signaling pathways are active in both diseases suggests that PCT might be valuable for modeling late-stage MM as it occurs in a substantial subset of patients and examining therapeutics that target both pathways. 
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